Theoretical cross sections for the production of elements from 209Bi and natural copper by high-energy proton bom bardment have been calculated. Several attempts1-13 have been made to calculate the production cross sections of nucleides formed by the bombardment of elements with protons and neutrons. The most widely used method has been the Monte Carlo technique in which the reaction mechanism is assumed to be a two-step one: first the ejection of a few fast nucleons in cascade and then the evaporation of one or more nucleons from the excited nucleus. The application of the Monte Carlo technique, does not always produce satis factory results: they may differ from the experi mental values by a factor of more than three. Rudstam2' 8 presented an empirical formula and later modified it by taking the charge distribution in the nucleus into account. Even then the results differ considerably from the experimental values. Bertin i10' 13 applied the Monte Carlo method and took the diffuseness of the nuclear surface into account, but this did not much improve the earlier results. Moreover, the Monte Carlo method, being a statisti cal one, is not strictly applicable in cases where only a few nucleons take part. Our method has no such limitations. The closed semi-empirical formula developed earlier11 to study spallation cross sections for medium-weight targets is used here to calculate the cross sections for spallation products from heavy targets.
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Our theory takes account of the fact that in a high-energy spallation reaction where nucleons or their chuncks are randomly emitted, the ratio of the outgoing neutrons to protons depends on the neutron-proton ratio in the target nucleus. Since the neutrons considerably exceed the protons in heavy target nuclei, it is likely that the emitted particles show a preponderance of neutrons over protons too. Also, neutron emission is favoured compared to proton emission because of the coulomb barrier.
In deriving the formula, the nucleus is assumed to be a Fermi gas consisting of a number of non interacting nucleons. Following Ref. section is given by o = 0O exp { -K <2} (1) where a0 is a constant for a given target element and incident energy, K is a dimensionless parameter independent of target mass number and incident energy, and d is given by (2 ) t protons and u neutrons are emitted in a reaction, C is a non-negative parameter having the same value for medium and heavy elements, and a0 can be cal culated with the help of the theoretical expressions for the (p, pn) and (p, 2p) reaction cross sections deduced in Refs. 14 and 15. Thus, the use of an ex- 
where ox and o2 are the cross sections for the prod uct from each isotope, and m and n are the compo sitional isotope fractions in the target.
Formation cross sections have been calculated for the target element 209Bi (Table 1 ) and for natural copper (Table 2 ) with the help of Eqs. (1), (2) and ( 3 ) . The results are plotted in Figs. 1, 2 , and 3.
To obtain the formation cross section of a product from natural copper one has to add the correspond ing reduced values given on the dashed lines in Figs. 2 and 3.
As can be seen from the ratios given in the last column of the tables, the calculated cross sections agree fairly well with the experimental data. In some cases the experimental cross sections for the meta stable and ground state of the product nucleides are given separately, whereas in others values of the metastable state only are given. Only the sums of the two measured cross sections, when available, are compared with our calculations. As for the larger divergences between the ex perimental and calculated values the inherent ex perimental difficulties of the radiochemical method (Ref. 16 ) should be kept in mind. Also, fragmenta tion and fission processes become important in the reactions where the mass number of the product is far less than that of the target. There are a few ex perimental values for 209Bi (Table 1) which are markedly higher than the calculated ones. Such values relate to the cumulative yield and not to spallation alone.
There is a large difference between the calculated and experimental17 data for the products 207Po and 2°7Bi ( Table 1 ). The value for 207Po, measured at 450 MeV by Pierson et al.18 , agrees better with our calculated value. In the case of 207Bi, the latter authors find a value at 380 MeV which agrees well with our calculated value. (m) Metastable. * The uncertainties are unknown in these cases because the value of the branching ratios for the 7-rays used in the analysis is unknown. The values for the yields were obtained assuming a branching ratio of 100%. Thus the values represent the lower limits to the yields (Reference 12).
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